Abstract The Proterozoic anorthosite-mangerite-charnockite complex dominating the Lindås Nappe in the Scandinavian Caledonides was locally eclogitized in the southwestern part of the nappe during the Caledonian orogeny, whereas only amphibolite facies assemblages are recorded in the rest of the nappe. Sveconorwegian granulites of anorthositic to jotunitic composition in the northernmost eclogite-free exposures of the nappe exhibit large garnet phenoblasts (ca. 900°C) that are fractured and partly replaced by a Caledonian symplectitic amphibolite facies assemblage (ca. 515°C). Metamorphic zircon attributed to this garnet breakdown is dated by ID-TIMS U-Pb at 430 ± 3 Ma, suggesting that the amphibolite facies overprint was coeval with the formation of eclogite 30 km further south, probably implying that the section across the nappe represents a Caledonian pressure gradient. The rocks also preserve a complex Sveconorwegian history including an age of 969 ± 6 Ma, which we interpret as dating magmatic emplacement of jotunitic-anorthositic portions of the complex, 936 ± 12 Ma reflecting the granulite facies metamorphism, and 908 ± 16 Ma, representing a late generation of zircon best explained as having formed by metasomatic processes. Caledonian shearing severely deformed zircon grains in an amphibolite facies shear zone, resetting their U-Pb systems, and forming new ones, hereby also demonstrating a case of resetting and recrystallization of low-U zircon. Our data, gained from diverse lithologies, illustrate several processes involved in making and resetting zircon as well as indicate the contemporaneous evolution and similar origin of the Lindås Nappe and the Jotun Nappe Complex.
Introduction
The Lindås Nappe in southwest Norway, illustrates the largescale role of kinetics and key role of fluids in orogenic processes. It contains some of the most classical examples showing the strong dependency of stability and, respectively, reactivity of mineral assemblages from external factors, chiefly the activity of fluid phases (Austrheim 1987; Bjornerud et al. 2002; Glodny et al. 2008; Jamtveit et al. 1990) . The nappe comprises a complex of anorthosite, mangerite, and charnockite, formed during multistage intrusive activity, in the late Meso-to earliest Neoproterozoic. These rocks were affected by high temperature metamorphism following the latest stages of the magmatic evolution. Subsequently, the complex was subducted during the Caledonian collisional processes, developing local eclogitized shear zones, followed by amphibolite facies retrogression, and intrusion of granitic dikes. Some of the expressions of these processes, notably the development of eclogitized shear zones and pseudotachylites, have been investigated in great detail since they provide important clues on the behavior and seismic response of continental crust during subduction and collisional processes Austrheim and Griffin 1985; Bingen et al. 2001b Bingen et al. , 2004 Boundy et al. 1996; Erambert and Austrheim 1993; Jolivet et al. 2005; Kuehn et al. 2002) . Other studies have focused on the mineralogical development of corona textures during high-grade metamorphism and the reactions during subsequent high pressure events (Burton et al. 1995; Cohen et al. 1988; Griffin 1972) .
The geological history and time relation of processes recorded in the Lindås Nappe have been investigated using U-Pb, Pb-Pb, Sm-Nd, Rb-Sr, and Ar-Ar techniques. Broadly speaking, available data define three first-order events: voluminous magmatism between 1,300 and 950 Ma, high temperature metamorphism between 950 and 900 Ma, and Caledonian deformation, metamorphism, and magmatism between 450 and 400 Ma (Bingen et al. 2001a (Bingen et al. , b, 2004 Boundy et al. 1996 Boundy et al. , 1997 Glodny et al. 2008; Kuehn et al. 2000 Kuehn et al. , 2002 Camacho et al. 2005) . In detail, however, these studies have also resulted in some mutual inconsistencies, which can be attributed to both the sluggishness and incompleteness of the metamorphic reactions, and mixing or partial resetting of geochronometers. Presently, there are thus still open questions concerning the exact timing of some of the magmatic events, the progress of the Sveconorwegian high temperature metamorphism and the age of Caledonian events.
Published data from the Lindås Nappe stem mostly from the eclogite-bearing domains (Fig. 2) . These occurrences, however, only crop out on Holsnøy and areas further south, and are confined to shear zones and fluid pathways in dry granulites. By contrast, most rocks in the nappe consist of variously hydrated and sheared amphibolite facies gneisses, with local relicts of granulite facies rocks, and are locally cut by granite-trondhjemite dikes, but relatively few data, especially age data (Kuehn et al. 2002) , exist for these rocks.
This study focuses on three localities in the northernmost eclogite-free exposure of the Lindås Nappe of relatively well-preserved granulites of anorthosite, jotunite, and mangerite composition. We integrate ID-TIMS zircon U-Pb data and petrological data to study the chronology of emplacement of the complex, the metamorphic reactions during the high temperature events and the variable response of these rocks during the Caledonian events. Among these processes, we document a rather unique case of Zr metasomatism and document resetting of low-U zircon during deformation processes. These data are then discussed in the regional context as they contribute to set a better time frame to the various events in the Lindås Nappe.
Geological background
The tectonostratigraphic structure in SW, Norway, is characterized by a sequence of Caledonian polymetamorphic nappes, emplaced on autochthonous/parautochthonous basement, and subsequently modified by extension of the orogen (Fig. 1) . The Caledonian orogen was formed by the collision of Baltica and Laurentia after closure of the Iapetus Ocean Torsvik et al. 1996) . The collision led to extreme crustal thickening when the leading edge of Baltica was subducted, extensively deformed and exposed to HP/UHP metamorphic conditions (Andersen and Andresen 1994; Fossen 2000; KylanderClark et al. 2009 ).
The nappe pile has traditionally been divided into four main tectonostratigraphic units consisting of the Lower Allochthon, which represents detached slices of Baltic basement and overlying sediments, the Middle Allochthon, considered to be derived from the outer margin of Baltica, the Upper Allochthon, interpreted as the outermost margin of Baltica and remnants of the Iapetus Ocean, and the Uppermost Allochthon, inferred to be of Laurentian affinity ( Fig. 1 ; Ramberg et al. 2008; Roberts 2003) .
In southwest Norway, the predominant group of Caledonian nappes is assigned to the Middle Allochthon and includes the Jotun Nappe Complex, the smaller Lindås and Dalsfjord Nappes and the Hardanger-Ryfylke Nappe Complex. These nappes are dominated by metaplutonic complexes of various compositions, intruded mainly between 1,700 and 1,600 Ma, but also between 1,500 and Gee et al. 1985) . The labeled nappes are assigned to the Middle Allochthon. The study area (Fig. 2) is framed 950 Ma. Despite the Caledonian overprints, most metamorphic mineral assemblages seen in the rocks formed during the Sveconorwegian orogeny, between ca. 1,000 and 900 Ma (Bingen et al. 2008) .
The Jotun Nappe Complex is the largest unit in the Middle Allochthon and it can itself be divided into distinct parts juxtaposed during the Caledonian event. The Lower Jotun Nappe consists mainly of amphibolite facies, felsic gneisses, and gabbros, whereas the Upper Jotun Nappe includes high-grade gneisses of variable composition, a major Mesoproterozoic anorthosite-gabbro complex and a Silurian granitic dike complex, which are missing in the Lower Jotun Nappe (Lundmark and Corfu 2008; Lundmark et al. 2007 ). Other elements found at the periphery of the main nappe, such as the Espedalen Complex, probably represent separate thrust sheets (Corfu and Heim 2011) . The Dalsfjord Nappe comprises similar syenitic to monzonitic rocks with minor gabbroic and anorthositic units, all showing a strong Sveconorwegian influence (Corfu and Andersen 2002) . The Hardanger-Ryfylke Nappe Complex has been subdivided into 3 main sheets, separated by shear zones. The lithologies include both magmatic as well as sedimentary rocks (Andresen and Faerseth 1982) . The extent of the Sveconorwegian and Caledonian imprint varies within the different units.
The Lindås Nappe
The Lindås Nappe is a part of the Bergen Arcs, an arcuate structure centered on the town of Bergen and resting in a depression within the Baltic basement, i.e., the Western Gneiss Region to the east and the Øygarden Gneiss Complex to the west (Fig. 2) . Southeastern parts of the Bergen Arcs consist predominantly of Ordovician supracrustal and intrusive rocks, including the Gullfjellet Ophiolite. The northern and northwestern domains are formed by the crystalline Lindås Nappe. The western boundary of the Bergen Arcs is commonly interpreted as a thrust, whereas the eastern boundary is an extensional structure, the Bergen Arc Shear Zone, which formed during orogenic collapse and crustal extension after the Caledonian thrusting (Fossen 1992) .
Tectonically, the Lindås Nappe is placed in the Middle Allochthon-together with the Jotun Nappe. However, because it has been interpreted as overlying Ordovician rocks considered to belong to the Upper Allochthon, its tectonic affinity has been a matter of debate. Some authors suggest that it is an out-of-sequence thrust unit detached from the Baltic hinterland while others propose a different tectonic affinity and/or a more exotic provenance (Bingen et al. 2001b; Wennberg et al. 1998) . Original age determinations of around 450 Ma for the eclogites in the Lindås Fig. 2 Geological map displaying the main lithologies and structures of the Bergen Arcs (adapted from Ragnhildstveit and Helliksen 1997) . The study area in the northwestern most part of the Lindås Nappe is framed and enlarged in the topographic map to the upper right. Sample localities A, B, and C are marked Contrib Mineral Petrol (2012) 164:81-99 83 Nappe have led to the interpretation that the latter might have formed during contraction events prior to the main Caledonian collision and formation of the eclogites in the parautochthonous Shield (Western Gneiss Region) (Andersen and Andresen 1994; Boundy et al. 1997; Bingen et al. 2001a, b) . More recent dating, however, has redefined the age of eclogite facies metamorphism to about 430 Ma (see summary below) simplifying the tectonic interpretations (Bingen et al. 2004; Glodny et al. 2008) . The Lindås Nappe comprises anorthositic to gabbroic rocks, together with noritic, jotunitic, mangeritic, and minor syenitic and charnockitic lithologies. Subordinate peridotite and silexite also occur ( Fig. 2 ; Kolderup and Kolderup 1940; Ragnhildstveit and Helliksen 1997) . The northern end of the Lindås Nappe is dominated by alternating pure anorthosite and rocks of jotunitic composition in a proportion of approximately 1:1. Locally, some light charnockite occurs (Kolderup and Kolderup 1940; Austrheim, unpublished map) . The main magmatic sequence was referred to as the Anorthosite Kindred by Goldschmidt (1916) and Kolderup and Kolderup (1940) , but in the literature, it is also often termed ''anorthosite complex'' or AMCG complex (e.g., Austrheim et al. 1996; Boundy et al. 1996) .
Large tracts of the nappe have been transformed into garnet granulites and gneisses during the Sveconorwegian metamorphic event. The relationship between intrusions and metamorphism is complex. Cohen et al. (1988) report that massive mangerite truncates the granulite foliation, defined by garnet and pyroxene layers or by flattened corona structures. Thus, magmatism likely proceeded over multiple stages.
Corona textures are one of the very characteristic features of these rocks. Complete mineral reaction series proceed from a core of olivine, through a succession of orthopyroxene, clinopyroxene, and garnet zones to the external plagioclase (Cohen et al. 1988; Griffin 1972) . Metamorphic conditions for the related granulite facies event have been estimated at 850-800°C and \10 kbar (Austrheim and Griffin 1985) or about 900°C and 10 kbar (Cohen et al. 1988) .
Eclogites facies mineralogy developed locally during the Caledonian orogeny, overprinting the granulite grade, and magmatic textures and structures. Dry rocks responded with brittle deformation, such that pseudotachylites can be found at the border of eclogitized areas or within the eclogite . The change in volume related to the formation of eclogites enhanced further deformation. Metamorphic conditions for the eclogite event have been estimated at 650-750°C and 15-21 kbar (e.g., Glodny et al. 2008; Jamtveit et al. 1990; Raimbourg et al. 2007 ). Jolivet et al. (2005) suggest that basically the whole Lindås Nappe was subjected to eclogite facies conditions, but eclogites only formed where fluids were available. This view may not stand up to our new evidence, however, as we discuss below.
An amphibolite facies overprint is evident, especially in the eclogite-bearing domains, and was also controlled by fluid infiltrating fractures and producing veins. The amphibolite facies retrogression occurred at 690-600°C and 8-12 kbar (Bingen et al. 2004; Glodny et al. 2008) . Caledonian trondhjemitic dikes and dike complexes are widespread, especially in the northern and eastern parts of the nappe (Kolderup and Kolderup 1940; Kuehn et al. 2002; Wennberg et al. 2001) .
Previous geochronology of the Lindås Nappe
The time of emplacement of the igneous complex is so far defined by U-Pb zircon ages of 1237 ?43/-35 Ma for charnockite, as well as 951 ± 2 and 957 ± 11 Ma for jotunites associated with mangerite (Bingen et al. 2001b) . These ages are similar but more precise than Rb-Sr whole rock ages measured on the same units. A U-Pb zircon age of 979 ± 6 Ma was reported by Glodny et al. (2008) for quartz-mangerite.
Granulite facies metamorphism is recorded by an age of 929 ± 1 Ma for zircon in garnet granulite and some overlapping but less precise dates from other granulites (Bingen et al. 2001b ). Boundy et al. (1997) report a U-Pb upper intercept age of 945 ± 5 Ma for zircon from an eclogite facies shear zone, which they interpret as dating granulite facies metamorphism. An age of 952 ± 19 Ma was also obtained by Glodny et al. (2008) for zircon in an eclogite and inferred to date either magmatic formation or metamorphism. Mineral isochrons produced by Sm-Nd in corona structures yield ages around 910 ± 5-40 Ma (Burton et al. 1995; Cohen et al. 1988) . The Rb-Sr system has generally been variously disturbed by Caledonian events, but Burton et al. (1995) report a Rb-Sr isochron age of 923 ± 7 Ma for minerals in a corona structure. Phlogopite in peridotites yield only moderately reset Rb-Sr ages of 882-835 Ma (Kuehn et al. 2000) , and very similar Ar-Ar ages were reported by Camacho et al. (2005) for hornblende and phlogopite in analogous peridotites. Burton et al. (1995) also reported apparent U-Pb isochron ages of around 1,150 Ma for corona minerals, but there is considerable uncertainty surrounding the validity of this date. It could not be reproduced in other studies and appears to be an artifact of mixing, hence a geologically meaningless age.
The timing of eclogite facies metamorphism has also been somewhat controversial, as some early studies had suggested the formation of the eclogites at around 450 Ma (Bingen et al. 2001a, b; Boundy et al. 1996 Boundy et al. , 1997 . However, subsequent investigations have demonstrated quite exhaustively that these early estimates were likely biased by mixing of metamorphic zircon and titanite with inherited components and by excess Ar (Bingen et al. 2004) . Subsequent U-Pb zircon results document formation of the high pressure parageneses at 429 ± 3 Ma, an age also supported by Rb-Sr mineral isochrons (Glodny et al. 2008) . The latter authors also report younger ages of about 415-410 Ma for domains with amphibolite facies mineral reactions, which are related to decompression.
The exact age of the widespread granitic to trondhjemitic dikes within the Lindås nappe remains somewhat speculative. The zircon populations in these rocks are dominated by inherited zircon (Wennberg et al. 2001) . Kuehn et al. (2002) reported a U-Pb zircon lower intercept age of 418 ± 9 Ma for one of the dikes, together with Sm/ Nd and Rb/Sr mineral ages ranging from 422 ± 6 to 431 ± 5 Ma for two pegmatites.
Analytical methods
Mineralogy and texture from representative samples were investigated using optical microscope, scanning electron microscope (JEOL-JSM6460LV), and electron microprobe (Cameca SX100) with operating conditions of 15 kV and 15 nA. Element distribution maps for Fe, Ca, Mn, and Mg were obtained at 15 kV and 40 nA. Chemical analyses of major elements and REE have been carried out by XRF on five bulk samples listed in Table 2 .
Zircon was separated using standard methods: crushing and pulverizing, Wilfley table gravity separation, Frantz magnetic separation, and heavy liquid. The minerals were hand-picked under a binocular microscope and grouped into fractions or single grains, based on size and general appearance. For isotope dilution, thermal ionization mass spectrometry (ID-TIMS) zircons were air abraded (Krogh 1982) or chemically abraded (Mattinson 2005) 207 Pb/ 204 Pb ratios in peak jumping mode using an ion counting secondary electron multiplier. The data were corrected with fractionation factors of 0.1%/amu for Pb and 0.12%/amu for U. Blank correction was 0.1 pg U and 2 pg Pb, or less when the total common Pb was below that level. The initial lead was corrected with the model of Stacey and Kramers (1975) . The results were plotted and regressed by using Isoplot 4.1 by Ludwig (2009) . The decay constants are taken from Jaffey et al. (1971) . Uncertainties in the isotope ratios and the ages are given and plotted at 2r.
Sample descriptions, mineralogy, and texture
The samples used for this study stem from three different localities, referred to as localities A, B, and C, all within an area of around 10 km 2 in the northernmost part of the Lindås Nappe, outside the eclogite-bearing region (Fig. 2) . All localities are characterized by the alternation of anorthosite and more melanocratic jotunite, norite, and gabbro (Kolderup and Kolderup 1940) . In general, the melanocratic rocks occur as layers and lenses in anorthosite, ranging in size from a few centimeters to several meters, with sharp contacts to the leucocratic domains. The mesoperthitic feldspar composition defines some of the melanocratic rocks as jotunites, but they have a high content of pyroxene that varies in composition between different localities. The original intrusive texture of the complex has been strongly modified by two superimposed metamorphic events, an early granulite facies and a later amphibolites facies one. Metamorphic recrystallization led to the development of a garnet-plagioclase-pyroxene dominated paragenesis with particularly large garnets. For simplicity, these rocks are therefore also referred to as garnet granulites. Local deformation is expressed by metamorphic banding, complex folds, and shear zones.
Locality A (Skagøyna), garnet granulite, and banded jotunite This locality, on the westernmost island of Rongevaeret, comprises unfoliated garnet granulite and deformed and banded jotunite. The rocks are crosscut by m-to mm-wide amphibolite facies shear zones.
Garnet granulite
The granulite facies metamorphic mineral assemblage consists of garnet, mesoperthite, and clinopyroxene, in roughly equal amounts in our sample, but variable elsewhere in the outcrop, and additional Fe-Ti oxides. The chemical composition of the minerals is given in Table 1 . The garnet (#1 Alm65, Pyr13, Grs18, Sps4) ranges in size from mm to several cm. Large, green clinopyroxenes (#2a Wo37, En24, Fs39 measured with defocused beam to get an average composition) have local cores with exsolution lamellae of different compositions (#2b, #2c), interpreted to reflect metamorphic unmixing of a preexisting pyroxene. The garnet is surrounded by a mm thick zone of newly formed plagioclase (#3 An26, Ab73, Or1) (Fig. 3b) . The Fe-Mg cation balance between garnet (#1) and clinopyroxene (#2a) gives an Kd value of 3.14, which yields a formation temperature of ca 907°C using a published formula (Ravna 2000) and an assumed 1 GPa formation pressure. Mesoperthite visually appears to have Or50 but it varies in composition, and the mean of 11 defocused measurements yields An9, Ab64, Or27 (#8). A second metamorphic event is indicated by the breakdown of these minerals to a ''new'' paragenesis. The process involved extensive cracking, best seen in the garnets, but large cracks can also be followed into clinopyroxene as well as into zircon. The second generation of minerals is well developed where the rock is transected by mm-wide shear zones. The mesoperthite is partly recrystallized (especially close to garnet and clinopyroxene), forming rims of homogeneous plagioclase ( Fig. 3c ; Table 1 , #3), also present around other ''old'' minerals (Fig. 3b) . The breakdown of garnet formed a plagioclasespinel-orthopyroxene (#4 Wo1, En32, Fs67) symplectite with a minor, younger garnet generation (#6 Alm72, Pyr7, Grs18, Sps3) and clinopyroxene (#5 Wo45, En26, Fs29), locally also amphibole, biotite (#7), and rare muscovite. Those second-generation minerals are located at the rim of and between aggregates and relicts of first-generation minerals. The unreacted garnet remained unzoned. The Kd of the Fe-Mg cation balance between a new generation garnet and clinopyroxene is 9.71, which translates into a formation temperature of 515°C, significantly lower than that of the older event.
In the garnet granulite, zircon grains are exceptionally abundant and of large size, up to 1 mm. They occur both at the boundary of minerals and as inclusions (Fig. 3b) . The grains are almost round or elliptical and, especially the large ones, show penetrative cracks often linked to the cracks in the surrounding minerals. Some zircons within the symplectite are broken into small pieces. Some large zircons are surrounded by the same generation II plagioclase rim seen around garnet.
Banded jotunite
The banded jotunite consists of alternating light and dark layers 1-50 cm thick, outcropping on the west side of the island (Fig. 3a) and regarded to have formed from the same magmatic protolith as the garnet granulite. The light bands consist almost entirely of mesoperthite that is deformed and partly recrystallized. Parallel cracks filled by biotite and amphibole cut the mesoperthite layer. The dark bands originally consisted of clinopyroxene, orthopyroxene, Fe-Ti oxides, apatite, and garnet with rims of metamorphic plagioclase. The investigated sample is strongly hydrated along cracks and pathways of fluid infiltration that appear as thin lines of alteration passing through or terminating in minerals. Large amphibole grains replace orthopyroxene and clinopyroxene. Garnet is strongly retrogressed, apart Kretz (1983) ** Measured with defocused beam for getting the average composition *** Measurement is average over 11 points in an old mesoperthite grain, measured with defocused beam (10 lm) **** n.d. not detected, measurement was below detection limit from few remnants that are fractured and crossed by amphibole-and biotite-filled veins. Apatite is abundant and has monazite inclusions. Zircons are large, equally abundant and with the same general appearance as in the garnet granulite. They are round and occur in equal amounts in both the light and the dark bands.
Locality B (small island west of Bukkholmen), garnet granulite Locality B is a small island, about 1.5 km south of A, consisting entirely of garnet granulites, strongly resembling the garnet granulites at the previous location. The rock has an old garnet-clinopyroxene-feldspar (mesoperthite)-paragenesis with breakdown reactions, texturally identical to those observed at locality A. The main mineralogy is comparable to that of the investigated garnet granulite from locality A, but garnet and pyroxene are richer in Mg (Table 1) . However, a garnet (#9)-clinopyroxene (#11) Kd of 3.06 and the so derived temperature of 879°C put the formation conditions of the old paragenesis in the same range as at locality A. A main difference is the scarcity and distinct appearance of zircon in this sample. Throughout the island, the garnet granulites display all different stages of garnet breakdown, from incipient reactions at the rim and along cracks, to pronounced symplectite formation across most of a grain. Amphibole Fig. 3 a Banded jotunite at locality A. b Thin section view of garnet granulite at locality A. Garnet, feldspar (mesoperthite with a rim of plagioclase), and clinopyroxene dominate the paragenesis. A rim of white plagioclase surrounds all older minerals. c Close-up of mesoperthite from locality A surrounded by a rim of homogeneous plagioclase. d-f Garnet granulite from locality B: garnet breaks down to a plagioclase-spinel-symplectite, which is enlarged in the close-up (e), and the BSE image (f), the latter showing the variable plagioclase composition within one grain crystallized partly at the expense of pyroxene at the tips of the cracks. Hydrous minerals like amphibole and biotite are more abundant in the vicinity of cracks, which served as pathways for moving cations. Garnets (#9 Alm40, Pyr42, Grs17, Sps1) up to several cm in diameter show a grid-like pattern of cracks filled by symplectite (Fig. 3d) . The symplectite mainly consists of spinel (#13) and plagioclase (#14), with some orthopyroxene, amphibole (#15), and biotite ( Fig. 3d-f) . Generally, a continuous rim of newly formed plagioclase lines the immediate border of the symplectite to the garnet. The secondary plagioclase varies in composition from An53 to An73 (#10), such that the part adjacent to garnet has the higher An-content, while plagioclase intergrown with spinel and other phases has a lower An-content (An53-54) ( Table 1 ). The border between those two areas in one plagioclase grain is commonly sharp and can be seen in BSE images where the more albitic parts appear darker, but there are also some blurry intersections or alternating bands (Fig. 3f) .
Element distribution maps for Fe, Ca, Mn, and Mg of garnet surrounded by symplectite (Fig. 4) show a decrease in Mn and Mg along its borders. That might indicate that the garnet preserved its original composition, but equilibrated with the new paragenesis at the very rim (#12). The different An-content in plagioclase is clearly visible as a sharp boundary within the grains (green and yellow on the map) ( Fig. 4; Table 1 ).
Locality C, anorthosite, shear zone, and mafic dikes Locality C is a continuous road cut, about 100 m long, on the island of Krossøy. The rocks consist of dark lilac colored granulite facies anorthosite, which is locally bleached and retrogressed. The anorthosite consists nearly entirely of SiO 2 , Al 2 O 3 , CaO, and Na 2 O with less than 2 weight% of other components (Table 2) , hence almost pure plagioclase. Few interstitial grains are mainly amphibole. Cracks cut through the anorthosite and are filled with oxides such as ilmenite and spinel. At the rim, fine-grained amphibole, biotite, and recrystallized plagioclase formed. Numerous melanocratic lenses and veins occur throughout the anorthosite. They vary in size but are in general rather small; the lenses are up to 10 cm long, the veins range from few mm to 2 cm in width. They are formed by aggregates of fine-grained amphibole replacing large pyroxene, whose original shape is revealed by the preferred orientation of amphibole crystals inside one pyroxene pseudomorph, visible as homogenous extinction of the small amphibole grains under crossed polarisers. Epidote (#16) ( Table 1) occurs together with amphibole as well as biotite (#17), minor muscovite (#18), and small pyroxenes. Locally, nearly idiomorphic and comparatively large garnets (#19) occur within the amphibole-dominated groundmass and commonly have muscovite inclusions. Close to these melanocratic parts, the plagioclase (#20) is more strongly recrystallized than further away where large, pre-deformation plagioclase grains with undulose extinction are more common. Dikes crosscut the anorthosite as well as mafic lenses and veins throughout the whole outcrop. They are 20-30 cm wide and mainly consist of fine-grained, equigranular amphibole with minor plagioclase, biotite, muscovite, and garnet remnants. Pyroxene and epidote occur as slightly larger minerals, both in apparent equilibrium with the matrix. A second type of pyroxene shows a distinct core-rim structure, whereas the core appears altered and the rim newly grown and in equilibrium with the surrounding minerals. Rutile occurs as an accessory mineral.
The most distinct feature in the outcrop is an over 10 m long and 2 cm wide shear zone (Fig. 5f ), which differs from the mafic lenses as well as from the dikes in terms of the severe deformation and a completely different chemistry, namely the presence of ca 6,000 ppm Zr, 3 wt% P 2 O 5 , and 1.7 wt% TiO 2 (Table 2) , affirmed by the appearance of large zircon, apatite, and rutile grains. A high degree of deformation in the shear zone is deduced from the strong orientation of the minerals. The zircon grains are considerably larger than the matrix, they are locally fractured, and have pressure shadows with a tail of smaller zircon grains indicating high strain (Fig. 3i) . The development, chemistry, and ages of those grains are discussed below.
The shear zone is surrounded by a light feldspathic band of ca 1 cm width, followed by a ca 1 cm wide mafic band with approximately the same mineralogy as the mafic veins but slightly coarser grained. Such a corona occurs on nearly all melanocratic lenses and veins but not on the dikes.
The matrix of the shear zone is fine grained and consists mainly of amphibole with additional pyroxene, plagioclase, biotite, epidote, muscovite, scapolite, ilmenite, rutile, apatite, and zircon. Some of the apatite grains contain inclusions of monazite. Rare garnet grains form a concentric structure within the matrix, where garnet pieces together with matrix grains (now mainly amphibole) show extinction in the same orientation under crossed polarisers. These round shapes visible from the extinction patterns are believed to indicate the former size of garnet, hence implying garnet breakdown to pyroxene. Fluid infiltration caused the growth of amphibole at the expense of pyroxene. Pyroxene, plagioclase, and garnet were presumably the initial paragenesis prior to garnet breakdown and fluid induced reactions.
ID-TIMS U-Pb results

Locality A
Garnet granulite
The most remarkable features of the zircon grains in the garnet granulite are their abundance, large size, and subrounded shapes. The zircons are randomly distributed and commonly have cracks (Fig. 5a ). Viewed in CL, they show irregular and broadly concentric growth zoning, locally around a distinct core. Cracks cut all growth zones and are generally not healed (Fig. 5a, d) . Because of the external uniformity of the grains, picking and grouping into fractions were mainly based on size (Table 3) . Two analyses were performed on large single grains (1 and 3), one on two large grains (2) and one on a fraction of smaller grains (4). The U content was low, about 3-5 ppm for the large grains and 10 ppm for the small ones. The four analyses are highly discordant and spread along a discordia line giving an upper intercept of 960 ± 24 Ma and a lower intercept of 442 ± 27 Ma (MSWD = 1.7). The fraction with the small zircon grains is the most discordant.
Banded jotunite
The banded jotunite shows a greater variability in the appearance of zircon. Most grains are subrounded and only differ in size, but some are elliptical, some have local ridges, visible as thicker lines along the periphery of a grain, and some grains have nearly prismatic shapes. Eleven different, single, and multigrain fractions from all different zircon species were analyzed (Table 3 , 5-15; Fig. 6 ). The U content ranges from 21 to 420 ppm, but has no systematic relationship to the zircon appearance. The Th/U ratios tend to increase with decreasing 206 Pb/ 238 U age, but there are reversals. The data show a very large spread in the degree of discordance, although in average, they tend to be less discordant than the analyses of the garnet granulite zircons (1-3). The data follow a general array between Sveconorwegian and Caledonian ages, but in detail, they are scattered and plot in a triangular area. Six of the analyses (5, 8, 9, 10, 14, and 15), together with three analyses of the garnet granulite (1, 3, and 4) define a line with intersections at 969 ± 6 Ma and 431 ± 26 Ma (MSWD = 2.1). The other limb of the array is constrained by a line projected from 430 ± 3 Ma (the best estimate for the Caledonian metamorphic event, see below) and analysis 12, giving an upper intercept age at 905 ± 13 Ma. Two other analyses of single prismatic grains (6-7) are nearly concordant, and when projected from 430 ± 3 Ma yield an upper intercept age of 936 ± 12 Ma. Interpretation of this data pattern is not straightforward. The texture of the zircon grains resembles that common in zircon of high-grade metamorphic rocks, and on that basis, the data could be interpreted as indicating metamorphic growth at 969 Ma, followed by one or two additional episodes of metamorphic reworking at around 936 and 905 Ma. This interpretation is contingent on the assumption that the rocks had no original magmatic zircon, or that such grains were totally reset during metamorphism. Both assumptions seem unlikely given the abundance of zircon in this rock, and the difficulty to completely reset old zircon, and, thus, we tentatively conclude that the age of 969 ± 6 Ma dates magmatic emplacement of the suite. If this interpretation is correct, the high-grade metamorphism would have occurred at some later point, the 936 ± 12 Ma age of grains 6 and 7 corresponding to other dates for granulite facies metamorphism in the Lindås Nappe (Bingen et al. 2001b ).
The severe Caledonian overprint shown by the data is most likely related to reworking of the zircons during breakdown of the garnet-pyroxene-plagioclase paragenesis and formation of the symplectite. Some of the zircon grains show external ridges that appear to be overgrowths, and one fraction of thin concave fragments resembling such overgrowths yields indeed the lowermost data point (15) on the regression line. Hence, the relative position of the data points along the regression line is probably due both to new growth of zircon skins and to recrystallization of the original zircon. It is then uncertain whether the metamorphic texture displayed by zircon (Fig. 5b-d ) developed mostly at this stage or during the Sveconorwegian events.
Locality B
Zircons in the garnet granulites at locality B are considerably less abundant than at the other localities. They are in general oblate, many occur as fragments or have irregular shapes (Fig. 5b) , ranging from 50 to 300 lm in size. All are colorless. Three different fractions were analyzed: a fraction of three grains, completely clear, without inclusions (1) and fractions of grains with yellowish traces of alteration (2 and 3). Fractions (2) and (3) are extremely low in U, about 3 ppm, fraction (1) has 22 ppm. The Th/U ratio is 0.08-0.5. All three fractions overlap concordia within error and give a concordia age of 430 ± 3 Ma (Fig. 6) . The age is interpreted as indicating formation during breakdown of garnet-pyroxene-plagioclase to the lower grade symplectite.
This age is well in accordance with a 431.5 ± 5.1 Ma garnet whole rock Sm/Nd age obtained by Kuehn et al. (2002) from a coarse grained granitic pegmatite about 50 m away from locality B.
Locality C Several samples from the anorthosite at this location were investigated petrographically and also subjected to mineral separation, but no zircons were found. By contrast, in the 1-2 cm wide shear zone (Fig. 5g) , zircon is exceptionally abundant, of variable size, some grains reaching 1 mm, clear, and transparent. The large grains tend to be oblate with sharp edges and many are broken. Smaller grains are subrounded and clear. Some of the medium and larger sized zircon grains contain black inclusions, most likely ilmenite.
In thin section and CL-imaging, it is apparent that the large grains underwent fracturing and brecciation, and the broken pieces at the margins are in a state of disaggregation ( Fig. 5g-i) . The fragments are strained as seen in CL and also documented by EBSD (electron backscatter diffraction) imaging (Piazolo personal communication 2010). The deformation is generally located in specific zones, mostly close to the rim. The central parts of the original grains are less deformed. Most of the smaller zircon grains occur in the pressure shadow of the original large grain and they tend to be more homogeneous than the larger grains. Variation in the CL intensity indicates variations in U contents. The border between areas with different U content is blurry. Some cracks in the bigger zircons postdate the first deformation (Fig. 5h, i) . Bigger cracks are open and can locally be followed into the surrounding mineral, whereas smaller cracks are healed and appear as CL bright, low U lines (Fig. 5h) , a difference compared to the cracks in zircon from locality A (Fig. 5a, d) .
Clear, homogeneous zircon grains were chosen for the dating. They were grouped in six fractions according to size. One fraction consisted of large grains with characteristic black inclusions, probably ilmenite (Table 3, 21; Fig. 5e ). The results indicate very low U contents varying from about 3-5 ppm for the larger grains to 16 ppm for the small ones. Th/U ranges from 0.7 to 0.1. The analyses show variable degrees of discordance, except for the analyses of the smallest grains, which overlap the concordia curve within error (Fig. 6) . The youngest data point, obtained from a fraction of 8 small round grains (24), yields a concordia age of 426 ± 4 Ma. When anchored at this age, a regression through all six analyses defines an upper intercept age of 908 ± 16 Ma (MSWD = 0.9).
For comparison with the shear zone, we also analyzed the chemical composition of one of the mafic dikes seen in the outcrop (Table 2 ). The analyses reveal abundances of Zr and P that are far below those observed in the shear zone. In addition, we also crushed and did mineral (1) separation on one of the dike samples, which, however, only yielded few zircon grains. Three of them were analyzed. They are much richer in U than the grains in the shear zone (100-400 ppm), and they are much less affected by the Caledonian events. All three data points plot to the right of the shear zone zircon regression line (Fig. 6) . The data for two small and round grains (26 and 27) project to intercept ages of about 950 Ma. A piece of a prismatic, original-looking single grain (25) gives the oldest age: anchored at the Sveconorwegian event the upper intercept through this one point lies at 1,606 ± 54 Ma. A first-order conclusion is that theses grains are not related at all to those in the shear zone. The two ca. 950 Ma grains (8, 9) could be metamorphic, magmatic, or xenocrystic. Considering appearance and chemical composition, the oldest one is quite clearly a xenocryst. Table 3 . Ellipses indicate 2 r uncertainty (1) (1) Main features of analyzed zircons. X00 indicates approximate size of grains in microns. CA = zircon treated with chemical abrasion (Mattinson 2005) , all other fractions air abraded (Krogh 1982) (2) Weight and concentrations are known to better than 10%, except for those near and below the ca. 1 lg limit of resolution of the balance (3) Th/U model ratio inferred from 208/206 ratio and age of sample (4) Pbc = total common Pb in sample (initial ? spike) (5) raw data, corrected for fractionation and blank (6) corrected for fractionation, spike, blank (206/204 = 18.3; 207/204 = 15.555) , and initial common Pb (based on Stacey and Kramers 1975) ; error calculated by propagating the main sources of uncertainty
Discussion
Anorthosite provides a special challenge to geochronological studies due to the general scarcity of datable minerals such as zircon and the propensity of these rocks to form secondary zircon during metamorphic overprints (e.g., Scoates and Chamberlain 1997) . In the study area, we observe an enormous variation in the abundance of zircon, from zero in the pure anorthosite, to large amounts in the associated jotunite, to the extremely high amount in one mafic shear zone. We discuss the implications below. Another factor affecting the geochronological work is the generally low U content of these rocks, also reflected in essentially U-free rutile, which therefore could not be dated, although it is present in most samples. The low-U zircons restricted the analytical methods to ID-TIMS. Trial measurements on LA-ICPMS and SIMS (Piazolo personal communication 2010) reproduced the ID-TIMS general pattern but did not have a high enough resolution for interpretable results. Because of the low U contents, the pronounced degree of discordance observed in most data sets must be explained by factors other than Pb loss from metamict zircon. We have evidence for two main controlling processes, one is resetting by strain and recrystallization and the other is new growth of zircon as a by-product of metamorphic reactions. Due to the differences in chemistry, degree of deformation, and exposure to fluids, the samples responded differently to the various events.
The combination of the ages with textural observations allows us to determine a time-constrained development of the Lindås Nappe. Three distinct ages can be extracted from these data: (1) the probable intrusive age of the anorthosite/ jotunite (969 ± 6 Ma); (2) the time of metamorphism which formed the garnet-pyroxene-feldspar paragenesis in some mafic parts (Sveconorwegian event, 936 ± 12 Ma); and (3) the time of metamorphic breakdown of the above paragenesis (Caledonian event, 430 ± 3 Ma).
Emplacement of the anorthosite, mangerite, and charnockite complex The rocks at locality A provide information on the emplacement history of the complex. The combined data for the banded jotunite and the garnet granulite are comparable, yielding the age of 969 ± 6 Ma, presented above, for the time of emplacement of the complex. We cannot totally exclude the alternative interpretation that the 969 Ma age in the complex represents zircon growth during a first, still undocumented, early stage of metamorphism, but we consider this option to be less likely. An argument in favor of this interpretation is the fact that the age predates the main period of Sveconorwegian metamorphism documented in this study and by Bingen et al. (2001b) , Boundy et al. (1997) and Cohen et al. (1988) . This age is close to the zircon age of 979 ± 6 Ma reported by Glodny et al. (2008) for quartz-mangerite, and it is much younger than the age of 1,237 Ma for the Lygra charnockite and older than the 951 ± 2 Ma age of the Holsnøy jotunite-mangerites (Bingen et al. 2001b ).
Sveconorwegian metamorphic evolution
Our new results both confirm and amplify the previous understanding of the timing of the Sveconorwegian events, which seem to have progressed over a number of stages interspersed with magmatic activity. The mineralogically most characteristic expression of the Sveconorwegian granulite facies event is the garnet-feldspar-clinopyroxeneparagenesis. The best defined age so far for the granulite facies metamorphism is 929 ± 1 Ma (Bingen et al. 2001b) . The Sm-Nd data on the corona structures suggest slightly younger, but less precise dates of 907 ± 9, 912 ± 18 and 905 ± 37 Ma (Cohen et al. 1988 ).
An upper intercept of 936 ± 12 Ma defined by two nearly concordant data points of subhedral prismatic zircon crystals is interpreted as dating metamorphic growth, consistent with the results of Bingen et al. (2001b) . The second clear-cut indication for a late metamorphic pulse is established by the upper intercept age of 908 ± 16 Ma for zircon in the shear zone at locality C.
Caledonian metamorphic evolution
Most of our results indicate a very strong overprint and partly resetting of the U-Pb systems of Sveconorwegian zircon during the Caledonian orogeny, in specific cases coupled with new zircon growth.
The clearest, concordant age of 430 ± 3 Ma for the Caledonian events was obtained from zircon in the garnet granulite at locality B. Since the main paragenesis of garnet, feldspar, and clinopyroxene in this rock formed, as argued above, during the Sveconorwegian event, we must conclude that the 430 Ma zircons grew during breakdown of the original mineralogy to symplectite of plagioclase and spinel and minor clino-and orthopyroxene, garnet and amphibole, possibly from Zr released from pyroxene, garnet, or from ilmenite (cf., Bingen et al. 2001a; Tomkins et al. 2005) . In thin section, zircons were spotted at the rim of ilmenite. In addition, the presence of some fluid, which also might have transported Zr, is indicated by a few newly crystallized amphiboles and locally some mica.
Zircon deformation in shear zone
The extreme abundance of zircon in the shear zone, and their absence in the unsheared surrounding anorthosite, raises the question of their origin. Three possibilities appear plausible: (1) The zircons are primary magmatic and represent a concentration in a cumulate layer of the anorthosite (e.g., Morrison et al. 1985) , which then got sheared. Following our data, this is not possible because of the too young age of the zircons (908 ± 16 Ma) compared to the 969 ± 3 Ma intrusion age of the anorthosite (or even older if our interpretation is incorrect and the 969 Ma age is a metamorphic age). This option could only be valid if there was a mechanism that can totally reset the U-Pb system of such large zircons. No well documented such case is known in the literature, and hence the possibility is unlikely. (2) The sheared horizon was an original dike similar to those seen in the anorthosite, possibly a late magmatic differentiate of the anorthositic magma, intruding into the solid anorthosite, hence the zircons formed magmatically in the dike. A similar case was observed, for example, by Austrheim and Corfu (2009) where a former dike became the locus of shearing. The fact that the other dikes in the outcrop have only moderate Zr and P content, and one investigated sample only yielded few zircon grains, older than those in the shear zone, shows that this option is also unlikely. (3) The third possibility, which is our interpretation of the development of this shear zone, is that the high Zr, P, and Ti contents are the results of Sveconorwegian metasomatism, which transported Zr, P, and other material into a preexisting structure initially free of zircon, creating the numerous large zircons, rutiles, and apatites. The inclusions of monazite in apatite are reminiscent of those formed by metasomatic processes involving high HF activity described by Harlov and Forster (2002) . Analogies can also be drawn to the metasomatic origin of zircon in metarodingites, a process involving metasomatism by highly alkaline fluids (Dubinska et al. 2004) . The intimate intergrowth of zircon and ilmenite in Fig. 5e would seem to be consistent with such an interpretation. In any case, the age of 908 ± 16 Ma seems to date the formation of zircon in a vein previously free of zircon. The remaining question is whether this late Sveconorwegian fluid activity was already related to shearing, as in the metarodingite of Dubinska et al. (2004) , or whether it infiltrated along some other preexisting structure.
In either case, it is beyond doubt that shearing along this zone was active during the Caledonian orogeny as demonstrated by the deformation and fracturing of the zircon, processes which can be linked to the extreme resetting of the U-Pb system. The grain boundaries of the small grains are clear and mostly straight. These zircons are regarded to have recrystallized from material broken off and dissolved from older zircons during deformation, since some small ones also show internal deformation and mainly occur in pressure shadows of large zircons. They yield an age of 426 ± 4 Ma demonstrating either total resetting of old subgrains, or more likely re-or new crystallization. It has been shown that deformation alone does not easily reset zircon U-Pb systems (Austrheim and Corfu 2009 ) except locally (e.g., Moser et al. 2011) , and it is therefore likely that enhanced fluid activity along with the shearing strain during the Caledonian event contributed to the resetting. A higher U content in the younger zircons compared to the old ones supports the presumption of renewed fluid income along with Caledonian deformation.
Correlation with the Jotun Nappe
The Lindås Nappe is composed by a multiphase anorthosite, mangerite, and charnockite complex that was already considered to be a coherent unit by Kolderup and Kolderup (1940) . Despite the different chemical compositions and appearances of the rocks, comparable metamorphic conditions and similar Kd values show that the various rocks of the complex indeed experienced a common evolution. Our zircon data strongly suggest that the anorthositicjotunitic members of the complex formed at 969 ± 6 Ma, an age which corresponds to the 965 ± 4 Ma, determined for the anorthosites of the Jotun Nappe (Lundmark and Corfu 2008) . Lindås and Jotun Nappe have often been compared, due to their similar lithology and tectonostratigraphic position. Uncertainty factors were the unknown age of the anorthosite intrusion, the lack of eclogites in the Jotun Nappe, and the absence of ages around 1,600 Ma in the Lindås Nappe, in contrast to their abundance in all other crystalline units derived from the Sveconorwegian province at the margin of Baltica (Lundmark et al. 2007) . In this study, we have now found traces of a 1,600 Ma age within an inherited zircon in a dike.
Based on this evidence and the record of an intense Sveconorwegian metamorphic activity, we propose a common origin of the Lindås and the Jotun Nappe with an intrusive age of much of the anorthosite, mangerite, and charnockite complex between 970 and 950 Ma, a highgrade metamorphic event at ca 930-910 Ma, evidence for probable metasomatic activity at around 910-900 Ma, and a Caledonian overprint involving high pressure metamorphism and the local invasion of the nappes by granitic dike complexes (Kuehn et al. 2002; Lundmark et al. 2007) .
The contact between Lindås Nappe and the Ordovician rocks of oceanic affinity, such as the Gullfjellet ophiolite, to the southeast is very steep and has generally been interpreted as indicating that the Lindås Nappe overlies rocks of the Upper Allochthon. Based on this, Milnes and Wennberg (1997) proposed that the Lindås Nappe must occupy a higher tectonostratigraphic position than the Jotun Nappe. Our new evidence, however, contradicts such a view, reinforcing the hypothesis that Lindås and Jotun are related parts of the same overall nappe system.
Caledonian pressure gradient
The eclogites at Holsnøy (Fig. 2) form along fluid pathways and relicts of Precambrian granulites are preserved in between where the fluid had no access. Nevertheless, the occurrence of the eclogites within the nappe remains enigmatic. In our study area, as well as in the Jotun Nappe, no eclogites or high pressure mineral assemblages have been found. Three explanations can be considered. One is that there is a tectonic displacement between eclogite bearing and non-eclogite bearing areas. The presence of shear zones and local nappe structures (Birtel et al. 1998) would be consistent with such a mechanism but the explanation seems to be contradicted by the broad lithological coherence of the complex. A second possibility is that the northern and eastern areas remained dry and hence did not react while the rocks were subjected to high P conditions. This seems very unlikely since hydration, with the formation of amphibolites, took place in the northern area at the same time (430 ± 3 Ma) as hydration and eclogite facies metamorphism occurred at Holsnøy (429 ± 3). The third explanation for the difference between Holsnøy and the other parts of the Lindås nappe is that the differences in metamorphic conditions correspond to a normal pressure gradient. Considering a gradient of roughly 0.3 GPa/10 km, the northernmost part of the Lindås Nappe could have experienced a few less GPa pressure than Holsnøy, which is about 30 km further south. This explanation is therefore the most plausible one.
Conclusions
The data presented in this study contribute to a better understanding of the origin and evolution of the Lindås Nappe. The emplacement of anorthosite-jotunite at 969 ± 6 Ma was followed by Sveconorwegian high temperature metamorphism at 936 ± 12 Ma with a late metasomatic event at 908 ± 16 Ma. The shear zone sample reveals the time of a first fluid percolation event, which produced zircon and therefore can be dated, and renewed hydration and deformation during the Caledonian event at 426 ± 4 Ma. All samples record a strong Caledonian influence, indicated by deformation and re-or new crystallization of zircon. The event is best dated at 430 ± 3 Ma by the newly formed zircons in the retrogressed garnet granulite.
The data confirm the strong similarities of the Lindås and Jotun Nappes. We therefore conclude that these two nappes were part of the same tectonic system with a common origin prior to the Caledonian orogeny.
The occurrence of eclogites in parts of the Lindås Nappe and their absence in other parts can be explained by a palaeo-pressure gradient with the eclogite-bearing domains on Holsnøy situated at a structurally lower level and our sample locations in the northwest representing a shallower level of the crust. This conclusion is funded on the fact that the amphibolites facies metamorphism in the northern parts is contemporaneous with the eclogite facies metamorphism on Holsnøy.
Most zircon crystals were strongly affected microchemically and isotopically by the various metamorphic and deformational events, introducing a measure of complexity in their interpretation, but also providing the means to understand the evolution of a segment of lower continental crust.
